In this paper the electrical to mechanical energy conversion efficiency of a double-sided Thomson coil actuator is investigated by means of finite element simulations. It is shown that performance gains compared with the conventional Thomson coil actuator are possible and in line with theoretical analysis. Based on a sensitivity assessment, fine tuning of a double-sided Thomson coil actuator has been conducted, which predicts energy conversion efficiencies as high as 34 %. This efficiency considerably surpasses efficiencies reported in research literature for other magnetic repulsion based actuators. It is also shown that the doublesided Thomson coil actuator exceeds substantially the mechanical performance of a single-sided Thomson coil design.
Introduction
In order to better integrate renewable power generation into traditional AC power systems the implementation of multiterminal HVDC networks has been proposed [1, 2, 3] . Due to their flexibility, Voltage Source Converter (VSC) based HVDC systems are seen as the most suitable alternative. VSC based HVDC systems allow independent control of active and reactive power, and bidirectional power flow by reversing current direction. However the high power IGBTs present in VSC HVDC stations possess poor overcurrent capability [4] . Consequently during a DC link fault very fast acting protection and fault disconnection is essential to ensure safe operation [5, 6] .
At present only solid-state interrupters are able to brake fault current in one millisecond or less [5, 7] . However the relatively high conduction losses of solid-state breakers reduce their practicality [6, 8] . On the other hand mechanical breakers have low conduction loss, but rely on a relatively slow mechanically operated switch to provide voltage isolation. In order to improve the performance of breakers a combination of solid-state and mechanically operated switches has been proposed to achieve HVDC current interruption [5, 6] , which use ultra-fast actuators to operate the mechanical switch. These are known as hybrid breakers. For ultra-fast actuation the preferred actuator technology is based on the Thomson coil (TC) design [6, 9, 10] . In this actuator the magnetic field from a flat spiral coil, with a low number of turns, interacts with a conductive plate or armature, Fig. 1 . A current impulse injected in the coil results in a time varying magnetic field that produces eddy currents in the armature. Due to the direction of the armature induced currents, a repulsive magnetic force develops between armature and coil. Using this principle opening speeds in excess of 20m/s have been reported [9] [10] [11] [12] [13] . The main drawback of this actuation mechanism is the low efficiency, typically in the 5-14% range, which requires a high energy source to be readily available. The low efficiency of the TC actuator is attributed to the decreasing magnetic link between coil and armature as the gap increases [11, 13] .
In order to minimize the energy requirements of a TC based interrupter, mass and stroke length minimization have been attempted. Thus a high number of lightweight, short-stroke and electrically series-connected switches have been proposed for medium voltage breakers [9, 10] . However for very high voltages and fault currents typical of HVDC systems this practice is not suitable: moving mass and stroke length are governed by the carrying current and voltage levels respectively, and a large array of series and parallel connected mechanical switches would be necessary. The development of a more efficient actuator that allows high mass displacement at long strokes is required. In this regard a repulsion driven design comprised of two opposing coils with a higher efficiency (23%) than the TC actuator, and which does not rely on eddy currents, was proposed in [11, 13] . However the extreme acceleration of the moving element and the effect this has on the flexible electric connections raises reliability concerns. A high efficiency solution which does not involve a moving coil is preferable.
Due to its working principle the TC actuator is a unidirectional device and a second opposing coil is necessary to provide bidirectional displacement. When a coil is excited only the magnetic flux lines on one side of the excited coil interact with the armature. Thus one half of the generated magnetic flux is unused. A second armature placed on the other side of the coil may thus be used to improve magnetic flux utilisation and these double-sided TC designs have been proposed for use in high speed switches [14] . However their efficiency and overall suitability for long stroke, ultra-high speed applications has not been fully assessed.
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Double sided Thomson coil actuator
The asymmetric nature of a TC design ensures that the magnetic flux produced by the coil is not fully exploited. Thus there may be performance gains if a symmetrical arrangement is used. In order to investigate this, a numerical model of the single-sided TC was initially built using FEA software to analyse performance. FEA software has been shown before to predict accurately the behaviour of magnetic repulsion based linear drivers [11, 13] . The numerical simulations were performed using COMSOL 5.1 and involved the simultaneous solution of solid mechanics, electrical circuits and electromagnetic equations over a simulation time of 2ms, which is comparable with reported hybrid HVDC breaker operation times [6] . For simplicity 2D axial symmetry and a copper armature were assumed in all cases. The coil was excited by a capacitor C with an initial voltage V 0 at t=0. Fig. 2 shows the magnetic flux density distribution of the conventional TC design at t=2 ms. In the figure distortion of the flux lines is observed above the coil, where the armature is located. However below the coil the flux lines are unaltered, suggesting that interaction with a second armature may be used to improve actuator operating efficiency. showing the flux distribution obtained using the FE analysis.
As can be observed in the simulation results, interaction with both armatures results in a symmetrical flux distribution, suggesting that performance gains by a DS-TC compared with a conventional TC actuator are possible.
DS-TC actuator performance analysis
For a kinetic energy E and an armature mass m the separation velocity of the single-sided TC armature is given by
If radial symmetry along the flat spiral coil is assumed, it is not difficult to demonstrate that for the same kinetic energy and armature mass the separation velocity between armatures in a DS-TC is given by [14] :
Thus for identical kinetic energies, the separation velocity between armatures is √ higher for a DS-TC than the single armature velocity for a conventional TC design. This suggests that a DS-TC actuator is better suited for ultra-high speed applications than a TC design, providing the kinetic energy of both armatures can be effectively used. Although this analysis gives an insight into one advantage of the DS-TC over the single-sided design, it does not offer any time-line about the energy conversion process. Time quantification is essential in ultra-high speed applications, to fill this information void FE simulations were conducted. In these simulations, the electrical excitation source and the moving mass attached to the armature are made identical to ensure a fair comparison. At a time when the kinetic energy of both actuators is identical, the performance indicators of the two designs are compared. The TC and DS-TC parameters used in the simulations are listed in Table 1 . Additionally, low value resistors and inductors (9.1 mΩ and 3.6 μH, respectively) were connected in series with the idealized coil to emulate the effect of connection leads. Fig. 5 and Fig. 6 show simulation results of velocity, displacement and kinetic energy for the investigated TC and DS-TC designs, respectively.
From the simulations it can be seen that a kinetic energy of 100 J is reached at 0.67 ms for the TC and at 1.14 ms for the DS-TC actuators. At these instants the armature velocities are 17.4 m/s and 24.6 m/s for the TC and DS-TC, respectively. The velocities are in-line with the expected values based in (1)- (2), validating the theoretical analysis and numerical simulation in the process. However, the 100 J of kinetic energy was reached considerably sooner by the TC than by the DS-TC, hence showing the better use of injected electrical energy (energy conversion efficiency) by the TC actuator. Furthermore, at the end of the 2 ms simulation the armature displacement of the TC actuator and the separation between armatures of the DS-TC are very similar; making the DS-TC unattractive due to its more complex construction and associated costs. These results clearly illustrate that for similarly sized devices the DS-TC is not automatically a better alternative to the conventional TC design, since depending on actuator parameter and excitation values, a TC actuator may exhibit a higher efficiency than a DS-TC design. To conclusively prove that the DS-TC actuator is better than a conventional TC design, superior energy conversion efficiency needs to be demonstrated. Refinement of the DS-TC actuator is therefore a requirement.
DS-TC actuator sensitivity analysis
To better understand how the different design parameters affect the mechanical performance of a DS-TC actuator a sensitivity analysis of the device was conducted using FEA software. In the analysis a single actuator parameter was varied at a time, while the others parameters were kept at their starting values. The actuator starting values are listed in Table  1 . Fig. 7 shows simulations of armature displacement against variations in actuator parameters. Based on the simulations a series of rules governing the behaviour of the DS-TC can be established:
-Increasing the input electrical energy results in higher, armature displacement, speed and actuator efficiency values. However the manner in which the electrical energy is shared between capacitor voltage and capacitance is of primary importance for the efficiency of the DS-TC. An optimal voltagecapacitance combination exists. -Increasing the number of coil turns increases the armature speed, displacement, velocity, force and actuator efficiency. -Increasing the armature thickness improves armature displacement, speed and actuator efficiency until a critical thickness is reached, after which the actuator performance degrades. -An increase in conductor height is beneficial for armature displacement, speed, force and actuator efficiency until a critical height is reached, after which further increase is detrimental to actuator performance.
-Moving mass minimization is critical for actuator mechanical performance
The set of rules listed above does not differ drastically from optimization criteria published for the TC actuator [15] , illustrating the similar operating principle of both devices.
DS-TC actuator performance assessment
Based on the set of rules above and using an iterative approach, the DS-TC actuator design was refined. The performance of the DS-TC actuator was then compared with that of a TC actuator. To enable a fair comparison, a similar optimisation procedure was also used to improve the performance of the TC design. During the FE simulations a total mechanical load of 1 kg, evenly distributed over the total number of armatures, is assumed in both actuators, in order to have similar total moving mass in both systems; a 0.5 kg load on each armature for the DS-TC and a 1 kg load over the single armature of the TC actuator. Fig. 8 shows half the geometry of the resulting optimized DS-TC design.
Given that the voltage-capacitance excitation combination is known to have a significant impact on the performance of magnetic repulsion based actuators [13] , a number of combinations were tried in order to identify the best suited for the two actuator designs under analysis. The combinations considered in this analysis are identical to those used in [13] to enable a straight forward comparison with published results. Table 2 and Table 3 summarize the actuator parameters and performance indicators obtained with the most effective voltage-capacitance combination identified from a 2 ms FE simulation for the DS-TC and TC actuators, respectively. The reported percentage of electrical to mechanical energy conversion efficiency was calculated as the ratio of kinetic energy achieved to electrical energy consumed, multiplied by 100. To allow a simpler comparison between designs the same voltage-capacitance combination is used in both tables. It should be noted however, that for the DS-TC actuator a 727V-10mF combination produced very similar, but slightly lower, efficiency and displacement values.
For the optimized single-sided TC actuator an efficiency of 29% was obtained from the simulations, while 34 % was calculated for the DS-TC design, as shown in Tables 2 and 3 . As a reference a much lower 14% efficiency was reported in [13] for a single-sided TC operating under similar conditions. The results in Table 2 clearly illustrate that a DS-TC is capable of operation at a higher efficiency than a single-sided TC design. It is important to mention that the displacement value reported in Table 2 for the DS-TC corresponds to that of a single armature. If the separation between armatures is considered instead, the total relative displacement doubles to 130 mm; this observation is also valid for the relative peak force (316 kN) and differential peak velocity value (70 m/s).
Here is where the advantage of the highly efficient DS-TC design resides: for the same time-lapse the separation between armatures of the DS-TC is about double the armature displacement of the TC actuator. Thus the DS-TC actuator is better suited for ultra-fast switch operation, if symmetrical electrode separation is allowed. In that case, mechanisms can be used to convert the opposing symmetrical displacement of the DS-TC armatures to a single side displacement [16] , exploiting in this case the higher force produced by the device. Based on the above analysis and the reported simulation results the performance of a highly efficient DS-TC is far superior to that of its single-sided counterpart. However careful fine tuning of the DS-TC is required.
Conclusions
The factors that affect the efficiency of the DS-TC actuator were investigated in this paper by means of a sensitivity analysis using FEA software. Based on a series of rules established as a consequence of the sensitivity assessment results, an iterative approach was used to improve the performance of a DS-TC design, resulting in a highly efficient actuator. The new design was shown to achieve a higher efficiency than those reported in the open literature for magnetic repulsion based actuators under similar operating conditions, even surpassing a highly efficient TC actuator developed during this research work. Table 4 summarizes the energy conversion efficiency for the actuator designs considered in the comparisons. It is believed that the double armature arrangement allows for a better use of the coil produced magnetic flux, resulting in a higher efficiency of the DS-TC actuator compared with that achievable using the conventional single-sided design. The higher efficiency of the implemented DS-TC actuator is reflected as a superior mechanical performance, exceeding substantially the capabilities of conventional TC designs.
A highly efficient DS-TC actuator has the potential not only to surpass the performance of existing magnetic repulsion based designs, but also to enable innovative mechanical solutions for ultra-fast switch operation. Table 4 : Actuators electrical to mechanical energy conversion efficiency in percentage.
